The sequence of the highly repetitive satellite HS-j3 DNA fraction from kangaroo rat Dipodomys ordii was determined independently by RNA and DNA sequencing techniques. A basic iterated sequence of 10 nucleotides with several mutational variations was found. Base-composition data are consistent with the proposed sequence and revealed a high content of 5-methylcytosine. DNA and RNA sequencing techniques used gave identical results, showing that the fidelity of synthesis of riboguanidine-substituted DNA under our conditions is adequate for nucleotide sequence studies.
In earlier communications we described some advantages of DNA sequencing using ribosubstitution techniques over conventional RNA sequencing techniques (1, 2) . Here we present the sequence analysis of a highly repetitive satellite DNA fraction from kangaroo rat (Dipodomys ordii), determined by ribosubstitution techniques. In order to estimate the dependability of the DNA sequencing techniques, we have also investigated this material using RNA sequencing techniques. Both approaches yield the same final sequences independently, showing that the ribosubstitution procedure has adequate fidelity for sequence determination.
HS-3 satellite from D. ordii comprises about 1% of the total cellular DNA. Its high rate of renaturation suggests that it is the most highly iterated of the three satellites present in D. ordii. For this reason and because of the relative simplicity of isolation and purification of HS-,3 satellite (Hatch, F. & Mazrimas, J., manuscript in preparation), it was chosen for these studies. It served as the template for in vitro synthesis of 32P-labeled RNA or ribosubstituted DNA which was then subjected to sequence analysis. METHODS RNA was synthesized from double-stranded HS-j3 DNA under conditions similar to those described by Burgess (3) . The sequence of this radioactive RNA was then analyzed by techniques developed by Sanger and his collaborators (4) . Use of RNA synthesized in vitro gave us the advantage of labeling with one nucleotide at a time, thereby enabling us to obtain additional information from "nearest-neighbor" transfer of the 32p (5).
Ribosubstituted DNA, in which one of the four deoxyribonucleoside triphosphates has been replaced by the corresponding ribonucleotide, was synthesized by use of DNA polymerase I in the presence of manganese. When such experiments were performed with double-stranded satellite DNAs, the templates were denatured and cooled rapidly before synthesis was started in order to provide a well-primed tem-2642 plate (1) . When separated satellite strands served as templates, oligodeoxyribonucleotides (chain length 10-20 nucleotides, isolated by DEAE-cellulose chromatography of a DNase I digest of calf-thymus DNA) were added as primers. No synthesis was observed when primer was added without HS-,3 DNA template.
DNA was prepared from livers of D. ordii by a detergent method (6) . Samples were exhaustively dialyzed against 10 mM sodium borate-10 mM sodium sulfate (pH 9.3) until all traces of chloride ion were removed. Preparative isopycnic density gradient centrifugation was done in Cs2SO4 containing Ag+. From this gradient, HS-i3 was obtained as a light component about 85-90% pure. Subsequent purification was obtained on a CsCl density gradient in which the contaminating DNA was removed. The final product was checked in neutral and alkaline CsCl density gradients in a Spinco model E Analytical Ultracentrifuge for any traces of other DNA species and was judged to be pure. The highly purified satellite was concentrated under a stream of N2 gas at 500 to give a solution with about 100 ,ug of DNA per ml. This concentrated solution was exhaustively dialyzed against 0.05 M ammonium formate buffer (pH 7.0) or against doubledistilled water. The solution was stored either at 40 with a few drops of CHCl3 or frozen at -20°.
In order to make the correct assignment of various oligonucleotides to the heavy-or light-density strand, alkaline CsCl density gradients were done on the HS-#3 satellite.
Fractions enriched in heavy strand or in light strand were pooled, neutralized, and dialyzed to remove CsCl. The fractions were then concentrated, dialyzed, and stored essentially as described above.
To determine base composition, samples of about 50 jug of satellite DNA were digested successively with pancreatic DNase and venom phosphodiesterase. After acidification the digest was desalted with partially deactivated charcoal (7) , and the 5'-nucleotides were concentrated and dissolved in 1 Fig. 2 indicate sequences deduced from cleavage products of pancreatic RNase A. The most important of these is the fragment AGC which, through nearest-neighbor transfer of label, was shown to arise from the sequence PyAGCG (Py indicates pyrimidine). In conjunction with the RNase T1 fragments, this provides three nucleotide overlaps at every point in the proposed sequence.
In order to best evaluate the fidelity of DNA sequencing by ribosubstitution methods, we desired DNA sequencing data that would be directly comparable with the RNA sequence data; therefore, in this preliminary work we concentrated upon ribosubstitution and cleavage at G residues. The results obtained have shown close agreement with those obtained by RNA sequencing and support the same basic repeating sequence (Fig. 2) .
In determining the sequences of the DNA fragments cleaved at rG residues, we have relied upon analysis of the nearest-neighbor transfer of 32p in digests of the fragments with micrococcal nuclease (to yield mono-and dinucleotides bearing 3'-phosphate groups) or with spleen diesterase (yielding 3'-nucleotide monophosphates). These techniques are described in detail by Whitcome, Fry, and Salser (2) . Analysis of micrococcal digests involves separation of digestion products by two-dimensional chromatography on polyethyleneimine-cellulose thin-layer plates (2) . For one strand of such a hypothetical sequence yielded large fragments rich in C, we should have detected some smaller, easily characterized fragments typical of the complementary strand in our G cleavage experiments. If these large fragments were not rich in C, then the hypothetical sequence must have contained many A-T base pairs, and ribosubstitution cleavage at A should have yielded fragments inconsistent with sequences closely related to those in Table 1 . In such A-cleavage experiments the fragments seen are all consistent with the scheme proposed in Table 1 (unpublished data) .
One important test of any proposed satellite sequence is to examine the products made from the individual purified strands. Separated strands of HS-# satellite are difficult to study by RNA sequencing techniques because they are poor templates for RNA polymerase. However, several experiments have been done by use of DNA polymerase to copy separated strands; these clearly show the major fragment of ACACAG is complementary to the heavy strand while the fragments TCCCG, TCCCCG, and TCCCCCG are made from the light strand.
The base composition of HS-,3 satellite DNA was 16.5 ± 1.5% T, 17.4 ± 2.5% A, 33.6 4± 0.3% G, 25.8 i 0.9% C, and 6.7 i 1.2% 5-methyl-C on the basis of five separate determinations. The ratios predicted by the sequences in Table 1 
DISCUSSION
When we observe faint spots on our autoradiographs, indicating fragments present in low yield, they could either indicate the presence of variants of the major HS-# sequences or they could be artifacts indicating a lack of fidelity in the in vitro preparation. DNA polymerase I might make mistakes in our in vitro preparation, but we reasoned it was very unlikely that RNA polymerase and DNA polymerase I would both make the same mistakes in vitro. In any case Lozeron et al. have obtained extensive evidence that RNA polymerase works in vitro with very high fidelity (10) . Thus, if DNA polymerase I were making mistakes in vitro, we expected to find a lack of agreement between RNA and DNA sequencing data. No such disagreements were observed in our analysis of the major cleavage products. We reasoned that detailed sequence analysis of the minor fragments would provide an even more stringent test of fidelity. In every instance where we have been able to make such a comparison we have found good agreement between the minor fragments present in the RNA and the DNA fingerprints.
Thus we conclude that the fidelity of synthesis of rGconclusion earlier on the basis of quite different experimental tests of fidelity (1, 2 Southern was the first to propose a 6-nucleotide repeating sequence for the rapidly reannealing a-satellite DNA of guinea pig (13) . This work was extremely important in revealing that the repeating sequence of such satellite DNAs could be much shorter than predicted by reannealing studies. Since evidence for the short sequence was based on pyrimidine tracts produced by acid depurination of the DNA, it was not possible to establish any "overlaps" between the pyrimidine tracts. To propose the basic nucleotide repeat sequence, it was necessary to assume that all of the observed pyrimidine tracts in each separated strand were mutationally related to one basic pyrimidine tract. The methods we have used to determine the basic repeating sequence of HS-fl satellite are more powerful, and we have been able to establish at least three nucleotide overlaps along the entire repeated sequence. Furthermore, the same sequence for HS-j3 DNA was obtained by two independent methods.
Since haploid sperm of D. ordii contain about 4.4 pg of DNA (relative to 3.0 pg for mouse sperm; Prescott, D. M., unpublished data), it can be calculated that each diploid cell of D. ordii has about 80 million repetitions of the basic HS-,3 sequence or its variants. These sequences are localized, as with other satellites, in the centromeres and other heterochromatic regions of metaphase chromosomes (14) (15) (16) .
Using in vitro techniques we cannot determine the location of the 5-methyl-C residues. It has been suggested that methylation of C residues in sea-urchin embryos occurs exclusively in the dinucleotide sequence .pCpGp. . . (17) . If this were true in HS-j3, we would expect to find 7.4% 5MeC, which is near our measured value of 6.7 +t 1.2%.
Study of reassociation kinetics has indicated that Cti/, values are linearly proportional to the length of unique genomes and to the "complexity" of genomes containing reiterated sequences (18, 19) . By comparison with a scale substituted DNA is quite good. We had reached the same Proc. Nat. Acad. Sci. USA 70 (1978) ranging from poly(A-U) through small and large viruses to Proc. Nat. Acad. Sci. USA 70 (1973) Escherichia coli, the complexity of mouse satellite has been estimated to be about 300 base pairs (20) . We have found that the HS-0 satellite reassociates 2-to 3-fold faster than mousesatellite DNA and should, by the same criteria, correspond to a complexity of 100-150 nucleotides. In fact, however, we have shown that the basic sequence and its variants are from 10-12 nucleotides long. At least in part the difference must reflect a slowing of the rate of reassociation caused by imperfect matching of the variant sequences. The sequence data presented in Table 1 provide the best opportunity available for ascertaining how specific amounts and kinds of sequence divergence can affect the reassociation rate.
We know very little about the evolution of DNA satellite sequences. Southern chose to explain the pyrimidine tract data from a satellite of guinea pig by transversions and transitions (13) , but many of the pyrimidine tracts he observed could as easily be explained by insertions or deletions. We have analyzed longer fragments in the HS-fl satellite, and this has allowed us to better distinguish the probable mutational relationships between the sequence variants. From our data it appears that insertion-deletion mutations may be as important as base substitutions.
We would also like to know whether these satellites are created, at one extreme, by a single event in which a small nonsatellite sequence (e.g., from ribosomal spacer DNA as proposed by Walker, ref. 18 ) is replicated millions of times and then accumulates mutation, or at the other extreme, by many stages of amplification of parts of preexisting satellites, mutation, and further amplifications. The methods presented here appear to be powerful enough to enable us to determine the order of different mutational variant sequences, which will help to answer such questions.
